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 Abstract –– The size of Si nanocrystals in Silicon Rich 
Oxide has been varied by depositing this material in multilayer 
arrays. They are possible candidates for one dimensional 
quantum devices. A study based on TEM, Raman and XRD 
measurements is presented. 
 
 Keywords –– Silicon Rich Oxide, SRO, Si nanocrystals, size 
control, multilayer, Raman for size determination. 
 
 
I.  INTRODUCTION 
 
 Silicon nanocrystals (Si-nCs) as porous silicon or 
embedded in other materials have shown very interesting 
properties, useful in different fields. Among other 
properties, Si-nCs exhibit photoluminescence in the visible 
range, attributed to quantum confinement effects and to 
defects at the interfaces [1]. Additionally, some studies have 
been performed to use the nCs as charge storing centers in 
single buried layers [2, 3] or superlattices of polysilicon [4].   
 Si-nCs can be created during the deposition of Silicon 
Rich Oxide (SRO). In this material, also called off-
stoichiometric silicon oxide, the Si-nCs grow by segregation 
of Si and SiO2 faces by thermal treatments [5]. An indicator 
of the Si content in the material is the parameter Ro, which 
is the ratio of the partial pressure of the precursor gases (for 
example, N2O and SiH4) when it is prepared by gas phase 
deposition methods as CVD (Chemical Vapor Deposition). 
 Si-nCs in SRO present a three dimensional size 
confinement, and are also isolated from other nCs by silicon 
oxides. This last property distinguishes them from those 
created by deposition of nanolayers of polysilicon, and is 
useful for single electron charging [6]. Nevertheless, the 
average crystallite size depends on several factors like 
temperature, pressure and the ratio Ro.  
 Here it is proposed a silicon particle size control by 
deposition of SRO in multilayers, varying just the deposition 
time. A low Ro value is used to obtain a material close to 
SIPOS (semi-insulating polysilicon). The multilayers are 
fabricated by LPCVD (Low Pressure Chemical Vapor 
Deposition), which is a simple and conventional method 
allowing the preparation of homogenous and relatively 
smooth films. TEM, Raman and XRD measurements were 
performed in order to characterize the samples. 
 
 
II. EXPERIMENTAL 
 
A. Fabrication 
 
 A SRO film with Ro = 1 (SRO1) and two multilayers 
(M1 and M2) composed of stacks of SRO1 and SRO with 
Ro = 50 (SRO50) were fabricated by LPCVD at 725°C. The 
used substrates were p-type Si (100) wafers with 30-50 
Ohm-cm resistivity and quartz substrates. The precursor 
gases were SiH4 and N2O. The deposition of the multilayers 
was done varying manually the amount of precursor gases 
during the deposition. As a final step, all the samples were 
annealed for 3 h at 1100°C in vacuum.  
 The multilayer M1 consists of 6 layers of SRO50 
alternating with 5 layers of SRO1. M2 is composed of 3 
layers of SRO50 alternating with 2 SRO1 layers. The 
deposition times for every layer are listed in Table I.  
 
 
B. Characterization methods 
 
 The microstructure of the samples was studied with 
TEM (Tecnai F30, 300 kV).  XRD (X-ray Diffractometry) 
measurements were performed with a PANalytical X’PERT-
PRO diffractometer in reflection mode, using Cu Kα 
radiation. Raman spectra were measured with a HORIBA 
Jobin Yvon LabRam HR, using 532 nm (frequency doubled 
Nd:YAG) laser excitation, a 100x Olympus objective with 
0.9 numerical aperture, and an 1800 groove/mm grating 
with a spectral resolution of about 1 cm-1. Approximately 
10mW laser light was focused on each sample in order to 
avoid artifacts in the measurements due to heating. The 
measurements were performed in dark to avoid any 
interference with light. 
 
TABLE I 
DEPOSITION TIMES FOR THE SAMPLES 
 
Sample 
Number 
of layers 
of 
SRO50  
SRO50 
dep. time 
(min) 
Number 
of layers 
of SRO1  
SRO1 
dep. time 
(min) 
SRO1 - - 1 45 
M1 6 14 5 5 
M2 3 20 2 10 
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 III. RESULTS AND DISCUSSION 
 
A. TEM observations 
 
 SRO1 is a material with characteristics similar to SIPOS 
(semi-insulating polysilicon) due to its high Si content [7]. 
Si agglomerates nucleate during the deposition process.   
After high temperature annealing, well defined Si 
nanocrystals (Si-nCs) are obtained from the Si 
agglomerates, as can be observed in Fig. 1. According to the 
observations on the samples, the nCs are homogenously 
distributed and their size varies between 10 and 35 nm. The 
nCs present a random orientation. 
 Multilayer M2 is well defined (Fig. 2) evidencing the 
deposition of all the layers. The SRO1 layers in M2 have a 
thickness of around 22 nm. On the other hand, the layers in 
M1 cannot be easily identified by TEM, probably due to the 
high roughness of the SRO1 layers and due to the very thin 
SRO50 layers. Nevertheless, the SRO1 layers in M1 should 
be separated by layers of SRO50, even when they are not 
smooth, since large bright regions of amorphous material 
(SRO50) are identified by TEM.  
 
 
B. Raman measurements 
 
 Fig. 3 shows the Raman spectra of the samples 
deposited on quartz substrate. The spectrum of bulk silicon 
is included for comparison. The Raman peak at 511 cm-1 is 
related to that at 520 cm-1 of crystalline Si (c-Si). This peak 
(Γ’25) is the optical phonon mode in the center of the 
Brillouin zone [8], but it is slightly shifted due to quantum 
confinement effects [9]. The peak around 300 cm-1 is due to 
the two phonon 2TA mode of c-Si, and the intensity is 
enhanced by LA phonons of an amorphous Si (a-Si) phase 
[8]. Actually, the peak around 480 cm-1 occurring as a 
shoulder corresponds to LO phonons in a-Si [8, 9]. These 
results suggest that the Si agglomerates in SRO1 are not 
totally crystallized even after thermal treatments.  
 The position of the Γ’25 line is approximately the same 
in all the samples, contrary to the expected difference due to 
different nanocrystal sizes from sample to sample. The 
position and the width of the Γ’25 peak are used by different 
groups to estimate the Si crystallite size [9 - 12]. But one 
should keep in mind that both position and width may be 
strongly affected by stress, roughness, or missfocusing [9]. 
Therefore, other parameters should be used for a qualitative 
estimation of the crystalite size.  
 A broadening of the Γ’25 peak on the low wavenumber 
range being visible as a shoulder is caused by a distribution 
of crystallite sizes [10]. Hence, the shape of the peak could 
give an idea of the average crystallite size of Si. The ratio of 
the left width at half maximum (LWHM) to the right width 
at half maximum (RWHM) is the asymmetry coefficient Ca. 
In this work Ca is considered as an indication of the shape of 
the Γ’25 peak. Since Ca is a relative measure of the shape of 
the Raman peak, it is independent of its absolute width, 
height or Raman shift, and consequently insensitive against 
external factors. The values of Ca for the different samples 
are shown in Table II.  
 It has been reported that when the Si nanocrystal size 
decreases, the Γ’25 peak broadens [9]. The fact that Ca 
increases when the deposition time of SRO1 decreases may 
indicate that the crystal size decreases, as is corroborated in 
the XRD section.  
 
 
 
Fig. 1. Typical TEM micrograph of SRO1 in M1. A nanocrystal with 
diameter of ~20 nm is clearly observed. 
 
 
 
Fig. 2. TEM of M2. The dark zones are layers of SRO1, and the bright ones 
are layers of SRO50. 
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Fig. 3. Raman Spectra of the samples. The spectrum of bulk Si is included 
for comparison. Three lines related to Si are identified: 2TA and LA (300 
cm-1), LO (480 cm-1) and Γ’25 (520 cm-1 in bulk Si, and 511 cm-1 in the rest 
of the samples). 
 
TABLE II 
ASYMMETRY OF THE Γ’25 LINE IN THE STUDIED SAMPLES 
 
Sample 
SRO1 
dep. time 
(min)  
Ca 
SRO1 45 1.136 
M2 10 1.242 
M1 5 1.345 
 
 
C. XRD measurements 
 
 Samples deposited on quartz were used to detect the 
reflections of Si-nCs, The measurements were performed 
with long collection times to improve the statistics, but even 
so, due to the low thickness of the layers the intensity of the 
reflections is low. Nevertheless, the patterns of all samples 
evidently present the characteristic reflections of c-Si (111) 
and (220) at 28° and 47.3° 2θ respectively [13] (see Fig. 4).  
 Assuming that the samples present a random orientation 
of nCs, the most intense (111) reflection is taken to calculate 
the crystallite size. To estimate the size of the coherent 
scattering domains the Scherrer equation [14] was used: 
⎟⎠
⎞⎜⎝
⎛=
2
cos χ
λ
L
KB
   (1) 
where B is the FWHM of the reflection in radians, K is a 
constant for which a value of 0.9 is widely accepted 
assuming spherical particles; λ is the wavelength of incident 
X-rays (0.1504 nm); χ is the center position of the peak, and 
L is the crystallite length. The parameters and results of this 
calculation are summarized in Table III.  
 According to the data compiled in Table III, the Si 
nanocrystal size is smaller for shorter deposition times of 
SRO1, as was also evidenced by the Raman measurements. 
Fig. 5 shows the relation of the crystallite size with the 
parameter Ca. In the presented range of nanocrystal sizes the 
relation seems to be parabolic, but more experiments are 
needed to probe this tendency and to be able to use this 
analysis in the estimation of particle sizes. 
 According to these results it can be concluded that the 
average size of the Si-nCs in SRO1 (~ 30 nm in thick single 
films) is limited by the layer thickness. In this way, the size 
of the nCs can be controlled by tuning the layer thickness. 
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Fig. 4. XRD difractogram of the studied samples. The characteristic 
reflections of crystalline Si (111) and (220) are identified. 
 
TABLE III 
NANOCRYSTAL SIZE 
 
Sample 2θ [grad] FWHM [grad] 
Size 
[nm] 
SRO1 28.69 0.275 29.8 
M2 28.71 0.337 24.3 
M1 28.73 0.378 21.7 
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Fig. 5. Relation of the nanocrystal sizes with the parameter Ca. 
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  Additionally, the nCs may tend to be elliptical, since the 
SRO1 layer thickness in M2 is 22 nm (from TEM) and the 
average nanocrystal size is 24.3 nm. But this small 
difference indicates that the shape is almost spherical. 
 
 
IV. CONCLUSION 
 
 The size of Si nanocrystals (Si-nCs) in SRO1 in 
multilayer arrays depends on the layer deposition time. This 
is evidenced by studying the asymmetry of the Raman line 
Γ’25 of Si and by XRD. Evaluation of the XRD data allowed 
a semi-quantitative estimation of the crystallite sizes in 
different films. Furthermore, the relation of the crystallite 
size with the asymmetry coefficient Ca seems to be 
parabolic. Nevertheless, further studies are needed for 
establishing the analysis of the asymmetry of Raman lines as 
a tool for the determination of the size of Si-nCs. 
 The dependency of the Si nanocrystal size on the layer 
deposition time can be interpreted as a size control, because 
in one dimension the growth of the nCs is limited by the 
layer thickness. The nCs are isolated by SiO2 allowing their 
use in many applications, e.g. as one dimensional quantum 
devices. 
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